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A Phospho-Switch Controls the Dynamic Association
of Synapsins with Synaptic Vesicles
molecules (e.g., glutathione synthase; D-alanine: D-ala-
nine ligase), suggesting that synapsins are ATP depen-
dent enzymes (Esser et al., 1998). In agreement with this
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hypothesis, all synapsins bind ATP with high affinity²Department of Biochemistry
(Hosaka and SuÈ dhof, 1998a, 1998b). In addition to syn-Center for Basic Neuroscience
aptic vesicles, synapsins bind to several proteins in vitro³Howard Hughes Medical Institute
(reviewed by SuÈ dhof, 1996). Most prominent amongThe University of Texas Southwestern
these is actin, which binds to synapsins at multiple sitesMedical School
(Bahler and Greengard, 1987; Petrucci and Morrow,Dallas, Texas 75235
1987; Goold et al., 1995). However, nerve terminals con-
tain relatively little actin compared with axons or post-
synaptic densities, and synapsins can be completelySummary
solubilized with detergents, while actin cannot. This sug-
gests that synapsins bind to actin only transiently inSynapsins constitute a family of synaptic vesicle pro-
vivo and primarily serve as coat proteins on synapticteins essential for regulating neurotransmitter release.
vesicles, as seen by immunoelectronmicroscopy (Na-Only two domains are conserved in all synapsins: a
vone et al., 1984).short N-terminal A domain with a single phosphoryla-
The mechanisms that attach synapsins to synaptic vesi-tion site for cAMP-dependent protein kinase (PKA) and
cles have remained a mystery. The currently most ac-CaM Kinase I, and a large central C domain that binds
cepted hypothesis is that synapsin I binds to vesicles viaATP and may be enzymatic. We now demonstrate that
an interaction of its variable C-terminal domains with CaMsynapsin phosphorylation in the A domain, at the only
Kinase II, which also phosphorylates these domains (Ben-phosphorylation site shared by all synapsins, dissoci-
fenati et al., 1992). Although this interaction may mediateates synapsins from synaptic vesicles. Furthermore,
some of the association of synapsin I with vesicles, itwe show that the A domain binds phospholipids and
is unlikely to represent the major mechanism becauseis inhibited by phosphorylation. Our results suggest a
very little CaM Kinase II is present on synaptic vesicles.novel mechanism by which proteins reversibly bind to
Most cellular CaM Kinase II is localized to structures thatmembranes using a phosphorylation-dependent phos-
do not contain synapsin, such as postsynaptic densities.pholipid-binding domain. The dynamic association of
Furthermore, synapsin II does not bind CaM Kinase IIsynapsins with synaptic vesicles correlates with their
but is still targeted to synaptic vesicles. In fact, therole in activity-dependent plasticity.
abundance of synapsins suggests that they are not sta-
bly bound to any particular vesicle protein since fewIntroduction
other vesicle proteins are present at similarly high levels.
Instead, the most plausible hypothesis is that synapsinsSynapsins are abundant brain proteins that were discov-
are targeted to vesicles by a dynamic mechanism soered by Greengard and colleagues because of their strik-
that, once they are on the vesicles, synapsins becomeing phosphorylation by cAMP-dependent protein kinase
attached by a nonspecific mechanism. Interestingly, sy-(PKA) (Johnson et al., 1972; Greengard, 1987). Synap-
napsin I directly binds to phospholipids (Benfenati etsins are exclusively localized to synaptic vesicles, which
al., 1989, 1993), which could serve as this nonspecificthey coat as peripheral membrane proteins; they proba-
mechanism by which synapsins coat vesicles.
bly constitute one of the most abundant neuronal PKA
All five synapsins are phosphorylated by multiple ki-
substrates (De Camilli et al., 1983; Huttner et al., 1983;
nases but contain only a single common phosphoryla-
Schiebler et al., 1986). Molecular cloning identified three tion site. This site is located in the N-terminal A domain
vertebrate synapsin genes (synapsins I, II, and III) that and is a substrate for both PKA and CaM Kinase I (Figure
produce at least five proteins (synapsins Ia, Ib, IIa, IIb, 1A; SuÈ dhof et al., 1989; Hosaka and SuÈ dhof, 1998b; Kao
and IIIa). Synapsins are composed of mosaics of shared et al., 1998). In addition, synapsin I is phosphorylated
and unique domains (SuÈ dhof et al., 1989; Hosaka and by proline-directed kinases, MAP kinases, and CaM Ki-
SuÈ dhof, 1998a, 1998b; Kao et al., 1998). All synapsins nase II at sites that are not present in synapsin II (Huttner
contain a short N-terminal A domain that is highly con- et al., 1981; Kennedy et al., 1983; Czernik et al., 1987;
served, followed by a variable B domain and a large, Hall et al., 1990; Jovanovic et al., 1996; Matsubara et
central C domain, which is also highly conserved. These al., 1996). Synapsin phosphorylation is regulated by syn-
three common domains occupy most of the synapsin aptic activity (Nestler and Greengard, 1982, 1983; Sihra
sequences. Following the C domain, synapsins contain et al., 1992; Nayak et al., 1996). Knockout mice lacking
multiple smaller C-terminal regions that differ between synapsins I and II revealed that they are functionally
synapsins. The crystal structure of the C domain re- redundant and perform an essential role in the normal
vealed an unexpected homology of synapsins with mi- regulation of neurotransmitter release during short-term
crobial ATPases that function in the synthesis of small synaptic plasticity (Rosahl et al., 1995). Synapsins are
phosphorylated in an activity-dependent manner and
are required for the regulation of release under the same§ To whom correspondence should be addressed (e-mail: tsudho@
mednet.swmed.edu). conditions. These facts suggest that the modulation of
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Figure 1. Structure of the Synapsin A Domain and Production of a Phospho-Specific Antibody
(A) Alignment of the N-terminal sequences of rat synapsins. All synapsins share a short N-terminal A domain (29 residues, shown in green)
with a common phosphorylation site (arrow, phospho-serine shown on a black background). The A domain is separated from the large, highly
conserved C domain (z400 residues, shown in red) by the variable B domain (shown in yellow). Residues that are present in at least two of
the synapsins are highlighted. Only the N-terminal end of the C domain is shown.
(B) A phospho-synapsin antibody against the N-terminal synapsin phosphorylation site reacts with all synapsins. Homogenates from untrans-
fected COS cells and COS cells transfected with synapsins Ia, IIa, or IIIa (COS Syn. I, II, and III)), or brain homogenates (Brain Hom.), were
treated with PKA and ATP or with acid phosphatase as indicated. Proteins were then analyzed by immunoblotting. Note that the pan-synapsin
antibody and the phospho-synapsin antibody raised against the N-terminal phosphorylation site common to all synapsins react with all three
synapsins equally but that the phospho-synapsin antibody is phosphorylation specific.
release by synapsins involves a common phosphoryla- reactivity with the two antibodies by immunoblotting
(Figure 1). The phospho-synapsin antibody reacted simi-tion event. The N-terminal synapsin phosphorylation site
for PKA and CaM Kinase I is the only phosphorylation larly with phosphorylated synapsins Ia, IIa, and IIIa, as
would be expected from the homology between their Asite that is present in all synapsins and thus is a prime
candidate for such a modulatory function. However, no domains (Figure 1A). However, the phospho-synapsin
antibody exhibited no reactivity with dephosphorylatedfunction for this phosphorylation site is known, and no
shared phosphorylation-dependent property of synap- synapsins, while the pan-synapsin antibody reacted
equally with phosphorylated and dephosphorylatedsins has been found. In the current study, we identify
an unexpected biological role for the N-terminal phos- synapsins (Figure 1B, lanes 2±4 versus lanes 5±7). Thus,
the phospho-synapsin antibody is phospho-specific,phorylation site by demonstrating that the A domain of
synapsins constitutes a phospholipid-binding domain while the pan-synapsin antibody does not discriminate
between phospho- and dephospho-synapsins. Althoughwhose activity is regulated by phosphorylation.
both the pan-synapsin and the phospho-synapsin anti-
body recognized synapsin IIIa as strongly as the otherResults
synapsins, no synapsin IIIa was detected in brain ho-
mogenates because of the relatively low abundance ofGeneration of Phospho-Specific Synapsin Antibodies
To examine the function of the PKA-dependent phos- this isoform (Figure 1B, lane 8) (Hosaka and SuÈ dhof,
1999).phorylation site of the synapsin A domain, we generated
an antibody against a phospho-peptide from the A do-
main. We affinity purified the phospho-peptide antibody Synapsins Dissociate from Synaptic Vesicles
as a Function of A Domain Phosphorylationand compared its specificity with that of a pan-synapsin
antibody raised against a nonphosphorylated peptide Using the phospho-specific antibody, we investigated
whether the distribution of phosphorylated synapsinsfrom the A domain. For this purpose, we expressed
synapsins Ia, IIa, and IIIa in COS cells, phosphorylated differs from that of total synapsins in nerve terminals.
We lysed synaptosomes hypotonically, separated themor dephosphorylated them in vitro, and evaluated their
Regulation of Synapsins by Phosphorylation
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Figure 2. Phosphorylation Causes Synapsin
Translocation into the Cytosol
Control synaptosomes or synaptosomes
treated for 2 min with 1 mM okadaic acid were
lysed hypotonically and separated into par-
ticulate and soluble fractions by high-speed
centrifugation. Equivalent amounts of each
fraction were analyzed by immunoblotting
with pan-synapsin (top) or phospho-synapsin
(second panel) antibodies. In addition, frac-
tions were probed with antibodies to synap-
togyrin and synaptotagmin as synaptic vesi-
cle protein controls, and complexins and GDI
as cytosolic protein controls. Synapsin and
complexin isoforms are identified on the left.
In the synaptotagmin blot, the arrow indicates
the position of the intact protein, and the as-
terisk the major breakdown product. Note
that synapsin IIIa is of such low abundance
(,2% of synapsin I) that it is not visible on
these blots in spite of its reactivity with the
pan- and phospho-synapsin antibodies (Fig-
ure 1).
into soluble (cytosolic) and particulate (membrane) frac- from synaptic vesicles. It has been suggested that in
synapsin II, the A domain may mediate its binding totions by high-speed centrifugation, and analyzed the
resulting samples (Figure 2, lanes 1±4). Immunoblotting actin (Nielander et al., 1997), whereas in synapsin I the
C domain may be responsible (Bahler and Greengard,with the pan-synapsin antibody revealed that a small
fraction of synapsins were soluble in resting nerve termi- 1987). However, in the lysed synaptosomes, all synap-
sins could be solubilized with detergents at low-saltnals, consistent with studies suggesting that at any
given time, some synapsin I may be dissociated from concentrations, indicating that the synapsins are mem-
brane bound and not attached to the cytoskeleton (datasynaptic vesicles (Schiebler et al., 1986; Torri-Tarelli et
al., 1992; Pieribone et al., 1995). To our surprise, how- not shown). Furthermore, when we tested if okadaic
treatment of the synaptosomes solubilizes the cytoskel-ever, virtually all of the phospho-synapsins were soluble;
almost no phospho-synapsins were associated with eton, we found that even prolonged application of oka-
daic acid to synaptosomes (60 min) had no effect onsynaptic vesicles in the particulate fraction. The minor
amount of phospho-synapsins in the particulate frac- the cytoskeleleton (Figure 3). Synapsins, by contrast,
were completely solubilized at this point, suggestingtions may be due to trapping of soluble proteins in the
synaptosomes when they reseal after hypoosmotic ly- that the phosphorylation abolishes binding of synapsins
to the synaptic vesicle membrane, not the cytoskeleton.sis, as is evident from the presence of small amounts
of the hydrophilic control proteins GDP dissociation in-
hibitory (GDI) and complexins in the pellets (Figure 2). Quantitative Analysis of Synapsin Dissociation
from Synaptic VesiclesTo test if phosphorylation of the A domain of synap-
sins actually dissociates them from synaptic vesicles, To quantitate the relation between synapsin phosphory-
lation at the N-terminal site and synapsin dissociation,we treated synaptosomes with okadaic acid, an inhibitor
for phosphatases 1A and 2A. Previous 32P-labeling ex- we measured the relative levels of synapsins in soluble
and particulate fractions of synaptosomes by immu-periments showed that okadaic acid increases the phos-
phorylation state of synapsins in synaptosomes, pre- noblotting with 125I-labeled secondary antibodies. In un-
treated synaptosomes, the levels of phospho-synapsinssumably because it interferes with the normal turnover
of phosphorylated proteins (Lonart and SuÈ dhof, 1998). were low. Only 10%±15% of total synapsins but virtually
all of the phospho-synapsin (.90%) was soluble (FigureAs expected, treatment of synaptosomes with okadaic
acid dramatically augmented the overall phosphoryla- 4, 1±4; data not shown). Incubation of synaptosomes at
378C for 2 min without additions caused no change. Intion of the A domain of synapsins; more interestingly, it
also triggered the dissociation of synapsins into the contrast, addition of okadaic acid strongly enhanced
synapsin phosphorylation and increased the amount ofcytosol after only 2 min of treatment (Figure 2, lanes
5±8). Control blots showed that the localizations of other soluble synapsin to almost 50% (Figure 4, samples 1±4).
Again, nearly all phospho-synapsin was cytosolic (datasynaptic vesicle membrane proteins (synaptogyrin and
synaptotagmin) or of largely soluble hydrophilic proteins not shown). Addition of okadaic acid to synaptosomes
without incubation at 378C caused no change in the(complexins and GDI) did not change after okadaic acid
treatment. Synapsin IIIa is not visible on these blots phosphorylation or localization of synapsins (Figure 4, ª0
minº incubations), suggesting that the effect of okadaicbecause of its low abundance, but synapsin IIIa±specific
antibodies confirmed that it also dissociated after oka- acid is specific. Furthermore, caliculin A, which as an-
other inhibitor of protein phosphatases 1A and 2A unre-daic acid treatment (data not shown). Thus, increases
in the phosphorylation of synapsins in the A domain are lated to okadaic acid, had a similar effect as okadaic
acid (Figure 4, samples 5 and 6). The calcineurin inhibitoraccompanied by selective dissociation of all synapsins
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Figure 3. Prolonged Okadaic Acid Treatment
of Synaptosomes Leads to Complete Synap-
sin Dissociation but Has No Effect on Actin
Cytoskeleton
Synaptosomes were treated with okadaic
acid and analyzed as described in Figure 2,
except that the effects of prolonged applica-
tions of okadaic acid on synapsins and actin
were compared.
deltamethrin, by contrast, produced no changes either also inhibits CaM Kinase I, which could contribute to
the steady-state phosphorylation of synapsins at thealone or in combination with okadaic acid (Figure 4,
samples 7±10). Separate analyses of synapsins Ia/b, IIa, N-terminal site. These data show that the dissociation of
synapsins from synaptic vesicles and their associationand IIb showed that they dissociated from the vesicles
completely in parallel (data not shown). with the vesicles precisely correlate with the phosphory-
lation of the N-terminal A domain; all phospho-synap-
sins are soluble, and increasing synapsin phosphoryla-PKA Activation Triggers Synapsin Dissociation
The most plausible interpretation of these results is that tion triggers synapsin dissociation, while decreasing
phosphorylation enhances association.under resting conditions, synapsins are dynamically
phosphorylated and dephosphorylated in the A domain,
resulting in a 10%±15% steady-state level of cytosolic Relation of Synapsin Phosphorylation to Exocytosis
To test if synapsin phosphorylation is related to exo-phospho-synapsins. When dephosphorylation is inhib-
ited with a phosphatase inhibitor, the steady-state level cytosis, we stimulated synaptosomes with two proce-
dures that trigger exocytosis of the same pool of vesi-of phospho-synapsins increases, and synapsins accu-
mulate in the cytosol. The fact that virtually all of the cles: KCl depolarization, which acts Ca21 dependently,
and hypertonic sucrose, which works independent ofphospho-synapsin was soluble under any treatment
condition suggests that synapsins phosphorylated at Ca21 (Lonart et al., 1998). KCl depolarization induces
Ca21 influx, which activates CaM Kinase I and stimu-the N-terminal site cannot be bound to vesicles. Thus,
if phosphorylation at this site triggers dissociation, dissoci- lates Ca21-dependent adenylate cyclase; thus, it is not
surprising that KCl depolarization enhanced synapsination should be induced selectively by PKA activation.
To test this hypothesis, we incubated synaptosomes phosphorylation and dissociation (Figure 4, sample 21).
Hypertonic sucrose, however, had no effect on synapsinwith Sp-cAMPS, a membrane-permeable cAMP analog,
and with 3-isobutyl-1-methylxanthine (IBMX), an inhibi- phosphorylation or on dissociation (Figure 4, sample
22), although under the same conditions it triggeredtor of cAMP breakdown. As expected, both agents pro-
duced a striking increase in synapsin phosphorylation more neurotransmitter release than KCl depolarization
(Lonart et al., 1998). It seems probable, therefore, thatat the N-terminal site. Both treatments also triggered
synapsin dissociation (Figure 4, samples 11±14 and 19± synapsin dissociation is neither required for exocytosis
nor generally caused by exocytosis.20). The effect of cAMP could be inhibited by H89, a
relatively specific PKA inhibitor (Figure 4, samples 15
and 16). More strikingly, the potent but less specific The A Domain of Synapsins Is a Phospholipid
Binding Domainprotein kinase inhibitor staurosporine not only abolished
the cAMP effect but actually depressed the steady-state The striking effect of the phosphorylation of a single
residue in the A domain on the localizations of synapsinsphosphorylation of synapsins; and decreased the per-
centage of soluble synapsins (Figure 4, samples 17 and suggests that the A domain is involved in the binding
of synapsins to synaptic vesicles. Synapsins are more18). This effect may be due to the fact that staurosporine
Regulation of Synapsins by Phosphorylation
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Figure 4. Quantitative Analysis of the Disso-
ciation of Synapsins from Synaptic Vesicles
Triggered by A Domain Phosphorylation
Synaptosomes were incubated for 2 min at
378C with the agents indicated on the bottom.
In the 0 min control for each sample, synapto-
somes also received the stated agents on
ice but were not incubated at 378C. Treated
synaptosomes were lysed and separated into
soluble and membrane-bound fractions. The
distribution of synapsins and phospho-syn-
apsins in the soluble and membrane-bound
fractions were quantified by immunoblotting
with the pan-synapsin and the phospho-
specific synapsin antibodies, followed by
125I-labeled secondary antibodies and phos-
phoimager detection. (A) exhibits the relative
phosphorylation in the samples of the total
synapsin under the various treatment condi-
tions (control incubations on ice are set as
100%). (B) shows that the percentage of solu-
ble synapsins is calculated from these mea-
surements (ratio of soluble-to-total synapsins
determined by the phosphorylation-indepen-
dent pan-synapsin antibody). Data are from
multiple experiments performed in duplicate.
Quantitation of the distribution of phospho-
synapsins shows that .90% of phospho-syn-
apsins are soluble under all treatment condi-
tions (data not shown). Abbreviations: Ctrl.,
control; Calic., caliculin; O. A., okadaic acid;
D. M., deltamethrin; O. A. 1 D. M., okadaic
acid1 deltamethrin; cAMP, membrane-perme-
able Sp-cAMPS; cAMP 1 H89, Sp-cAMPS 1
H89 PKA inhibitor; cAMP 1 Stau., Sp-cAMPS
1 protein kinase inhibitor staurosporine; K,
50 mM KCl depolarization; and Su, 0.5 M hy-
pertonic sucrose.
abundant than almost any other vesicle protein (Huttner (Davletov and SuÈ dhof, 1993), was employed as a positive
et al., 1983; Jahn et al., 1985), suggesting that they are control. We found that phospholipid binding of synap-
primarily associated with synaptic vesicles by a nonspe- sins was independent of Ca21 and was several times
cific interaction. This hypothesis is supported by the above the background levels produced by the various
finding that synapsins directly bind to phospholipids control proteins (Figure 5B). Only Ca21-dependent phos-
(Benfenati et al., 1993), although the mechanism of this pholipid binding of the C2A domain was stronger than
interaction has remained obscure. To investigate this, that of synapsins.
we analyzed phospholipid binding by glutathione S-trans-
ferase (GST) fusion proteins of the A, B, and C domains Phospholipid Specificity of Synapsin Binding
of all synapsins, either separately or in combination. We In standard phospholipid-binding assays, we employed
found that GST fusion proteins of all of the combined A, liposomes composed of 76% phosphatidylcholine (PC)
B, and C (ABC) domains interacted with phospholipids,
and 24% phosphatidylserine (PS). To evaluate the phos-
while GST alone did not (Figure 5A). Analysis of separate
pholipid specificity for synapsin binding, we measureddomains revealed that only the A domain, alone or in
the interaction of GST fusion proteins of the AB domaincombination with the B and C domains, exhibited a
of synapsin II with liposomes composed of a variety ofstrong interaction with phospholipids. The B and C do-
phospholipids, using the C domain as a negative controlmains, in contrast, did not bind (Figure 5A).
(Figure 6). Liposomes containing only PC (which carriesThese results suggested that the A domain is an au-
an equal number of positive and negative charges) didtonomously functioning phospholipid-binding domain,
not bind to any synapsin domains. When any negativelya surprising finding considering its small size (29 resi-
charged phospholipid was incorporated into the lipo-dues). It raised the concern that the N-terminal synapsin
somes, the GST fusion protein of the synapsin AB do-sequences may be ªstickyº and interact with phospho-
mains exhibited binding. The more negatively chargedlipids nonspecifically, particularly since binding was an-
the liposomes were, the better synapsins bound. Foralyzed in the presence of Ca21, which itself binds to
example, liposomes containing 41% PS (one negativephospholipids. Therefore, we tested if phospholipid
charge per mole) bound as well as liposomes contain-binding depends on Ca21 and if known sticky GST fusion
ing 13% phosphatidylinositolbiphosphate (PIP2) (threeproteins (such as various GST syntaxins or cysteine
charges per mole). Even highly negatively charged lipo-string protein) also interact with phospholipids (Figure
somes exhibited no specific interaction with the synap-5B). The C2A domain of synaptotagmin I, a well-charac-
terized Ca21-dependent phospholipid-binding domain sin C domain, which was used as a control (Figure 6).
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Figure 5. The A Domain of Synapsins Is a
Phospholipid Binding Domain
(A) Equivalent amounts of GST or GST fusion
proteins with the various combinations of A,
B, and C domains from synapsins I, II, and
III were immobilized on glutathione agarose
beads. Beads were used for phospholipid-
binding experiments with radiolabeled lipo-
somes composed of 76 mol% PC and 24
mol% PS.
(B) GST fusion proteins of synapsins and con-
trol proteins were incubated with radiola-
beled liposomes with or without Ca21 to test
the specificity and Ca21 dependence of phos-
pholipid binding by synapsins. Abbreviations:
syn I- and syn II-ABC, synapsins I and II ABC
domains; Syt I, synaptotagmin I C2A domain;
and CSP, cysteine string protein.
Thus, the density of negative charges on the phospho- charged arginine residues at the N terminus precedes
the phosphorylation site. The central location of thelipid membrane is an important determinant for synapsin
binding. phosphorylated serine residue raises the possibility that
its phosphorylation could modulate the interaction of
the A domain with phospholipids and thereby triggerPhosphorylation of the A Domain Controls
Phospholipid Binding dissociation of synapsins. To test this, we produced
GST fusion proteins of the AB domains of synapsin IIIt is striking that the common phosphorylation site for
PKA and CaM Kinase I in synapsins, which triggers their with a wild-type serine residue in the phosphorylation
site (S10S; WT), or with substitutions of this serine fordissociation from synaptic vesicles, is located in the
middle of the A domain, which mediates phospholipid aspartate (S10D) or alanine (S10A). In vitro phosphoryla-
tion with 32P-ATP confirmed that wild-type but not mu-binding (Figure 1A). Inspection of the A domain se-
quences reveals that a cluster of three positively tant recombinant proteins were substrates for PKA (data
Figure 6. Phospholipid Specificity of A Do-
main Binding
Binding of liposomes with different phospho-
lipid compositions to immobilized GST fusion
proteins containing the AB domains (GST-
Syn II-AB) or the C domain of synapsin II
(GST-Syn II-C; control). The liposome com-
positions are given below the bar diagram
in mole percent. Abbreviations: PS, phos-
phatidylserine; PC, phosphatidylcholine; PI,
phosphatidylinositol; PIP, phosphatidylinosi-
tolphosphate; and PIP2, phosphatidylinosi-
tolbisphosphate).
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Figure 7. Phospholipid Binding to Synapsin
A Domains Is Regulated by Phosphorylation
(A) GST fusion proteins of the AB domains of
synapsin II (GST-Syn II-AB) with the wild-type
sequence (WT), or with point mutations sub-
stituting serine 10 in the A domain for aspar-
tate (S10D) or alanine (S10A), were immobilized
on glutathione agarose beads. As a negative
control, GST alone (GST) was used. Immobi-
lized proteins were incubated with PKA in the
presence or absence of ATP for 20 min, and
phospholipid-binding measurements were
performed as described above.
(B) Wild-type and mutant GST proteins of the
synapsin II-AB domains and a GST control
were incubated for the indicated times with
PKA in the presence (1 ATP) or absence
(2 ATP) of ATP. Reactions were stopped by
chelation of Mg21 and centrifugation to re-
move PKA and ATP, and phospholipid bind-
ing was measured as described above.
not shown). Subsequent phospholipid-binding assays All transgenic mice exhibited similar expression levels
that were comparable to those of endogenous synapsinrevealed that phosphorylation of the A domain dramati-
cally inhibited binding (Figure 7A). This effect was ob- IIa in wild-type mice, obviating concerns about overex-
pression artifacts (Figure 8; data not shown). Althoughserved after ,1 min of a phosphorylation reaction (Fig-
ure 7B). Substitution of the phosphorylated serine for synapsins are abundant synaptic vesicle proteins, syn-
apsin IIa constitutes only 5% of the total synapsin pro-aspartate (S10D) decreased phospholipid binding to the
A domain to the level observed with the phosphorylated tein; thus, the overall expression levels are low in the
transgenic mice. Analysis of the subcellular distributionwild-type protein (Figure 7A). Thus, the S10D substitution
mimics phosphorylation. As expected, incubation of the of transgenically expressed synapsin IIa showed that
wild-type and mutant synapsin IIa were coenriched withS10D substitution with ATP and PKA had no effect on
phospholipid binding since the mutant is not a PKA synaptic vesicle markers, indicating that they are cor-
rectly targeted to synapses (Figure 8). To test if trans-substrate. The S10A mutant, by contrast, displayed the
same level of phospholipid binding as wild-type protein genically expressed synapsin IIa can be induced to dis-
sociate from synaptic vesicles by phosphorylation, webut again, as expected, was unaffected by phosphoryla-
tion (Figure 7A), even after prolonged incubations with prepared synaptosomes from the transgenic mice and
treated them with okadaic acid (Figure 9). TransgenicPKA and ATP (Figure 7B). These results demonstrate
that phosphorylation controls phospholipid binding to synapsin IIa with an intact phosphorylation site dissoci-
ated from the synaptic vesicles in response to okadaicthe A domain, which thus functions as a phospho-
switch. acid, similar to endogenous synapsin IIa in wild-type
mice. Again, virtually all of the phospho-synapsin was
soluble. This result shows that synapsin IIa alone carriesIs Phosphorylation of Synapsins in the A Domain
Essential for Dissociation? all the information required for synaptic vesicle targeting
and for phosphorylation-dependent dissociation. Strik-The experiments described above suggest that synap-
sins dynamically come on and off synaptic vesicles in ingly, okadaic acid induced no dissociation of synapsin
IIa containing the S10A substitution in the phosphoryla-a manner controlled by phosphorylation of their A do-
mains. To confirm these observations in vivo, we gener- tion site (Figure 9). Even at rest, the mutant synapsin was
quantitatively membrane bound, similar to endogenousated transgenic mice that express a wild-type or mutant
synapsin under control of the neuron-specific enolase synapsins in staurosporine-treated synaptosomes (Fig-
ure 4). As expected, no phosphorylation of mutant(NSE) promoter (Race et al., 1995). Synapsin IIa was
chosen for these transgenic experiments because it synapsin IIa was detectable with the phospho-specific
antibody. These data demonstrate that the N-terminalcontains no other known phosphorylation sites besides
the N-terminal A domain site. For mutant synapsin IIa, phosphorylation site of synapsins is essential for the
phosphorylation-dependent dissociation of synapsinsone particular mutation (the S10A substitution in the
N-terminal phosphorylation site) was selected because from synaptic vesicles.
in the phospholipid-binding assays, this mutation made
the A domain insensitive to phosphorylation without Discussion
changing its binding activity (see Figure 7). We produced
the transgenic mice on the background of knockout Synapsins are among the most studied and most enig-
matic neuronal proteins. As abundant peripheral mem-mice that lack expression of synapsins I and II in order to
eliminate any interference from endogenous synapsins. brane proteins, they coat synaptic vesicles (De Camilli
et al., 1983; Huttner et al., 1983). They are essential forTwo independent mouse lines were generated for wild-
type and mutant synapsin IIa in order to avoid line- the normal regulation of neurotransmitter release but
not for release as such (Rosahl et al., 1995). One of thespecific artifacts.
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Figure 8. Analysis of the Localization of Transgenically Expressed Wild-Type and Mutant Synapsin IIa by Subcellular Fractionation
Brains from wild-type mice and transgenic mice expressing wild-type synapsin IIa (Syn II S10S) or synapsin IIa with a point mutation in the A
domain phosphorylation site (Syn II S10A) were analyzed by subcellular fractionation and immunoblotting with the indicated antibodies.
most interesting properties of synapsins is their phos- phosphorylation at the N-terminal site may be instru-
mental for synapsin function. However, the biologicalphorylation (Greengard, 1987). They contain a single
PKA phosphorylation site, which is conserved in all syn- significance of this phosphorylation site is unknown.
In the present study, we show that phosphorylationapsins, and they may constitute the most abundant
PKA substrates in brain. Synapsins are essential for the of synapsins at the N-terminal site dissociates synapsins
from synaptic vesicles. All synapsins are subject to theactivity-dependent regulation of neurotransmitter re-
lease (Rosahl et al., 1995) and are phosphorylated as same type of regulation, and phosphorylation at this
site is essential for dissociation. Our findings may be ofa function of synaptic activity (Nestler and Greengard,
1983; Rosahl et al., 1995). These facts suggest that general interest for several reasons. First, the dissocia-
Figure 9. Phosphorylation-Dependent Disso-
ciation of Transgenic Synapsin IIa
Synaptosomes from transgenic mice ex-
pressing wild-type synapsin IIa (S10S) and
synapsin IIa containing a single amino acid
substitution in the N-terminal phosphoryla-
tion site (S10A) were treated with okadaic acid
at 378C for 0 min (control) or 2 min. Thereafter,
the amount of soluble and particulate synap-
sin IIa in the synaptosomes was determined
quantitatively as described in Figure 4. Note
that the phospho-specific antibody detects
no signal in the S10A mutants even after oka-
daic acid treatment.
Regulation of Synapsins by Phosphorylation
385
tion of synapsins from synaptic vesicles correlates with CaM Kinase I activity will modulate the amount of synap-
the general activation of synaptic nerve terminals that sin on synaptic vesicles. As a result, synapsins can be
is typically observed during events of synaptic plasticity. envisioned as constantly coming on and off vesicles.
Since synaptic plasticity is impaired in synapsin knock- However, a major question that emerges from these
out mice, these findings establish a direct link between studies is how synapsins are specifically targeted to
phosphorylation and the phenotype of the knockouts synaptic vesicles. The phospholipid binding by the A
(Rosahl et al., 1995). Second, the dissociation of synap- domain can only serve to keep synapsins on the vesicles
sins appears to be unrelated to exocytosis as such. after a specific targeting protein has placed them there.
This conclusion is based on the observation that two This phospholipid-binding activity cannot actually target
secretagogs (KCl depolarization and hypertonic su- synapsins to synaptic vesicles because there is little
crose) that stimulate the exocytosis of the same pool specificity in the phospholipid-binding reaction (Figure
of vesicles (Lonart et al., 1998) exert different effects on 6). In previous studies, it was shown that the ABC do-
synapsins. KCl depolarization, which triggers calcium mains of synapsins are sufficient to target them to syn-
influx into nerve terminals, causes dissociation, while aptic vesicles, as would be expected from the fact that
sucrose does not. The conclusion that synapsin dissoci- these are the only domains shared by synapsins (Gep-
ation is not directly involved in exocytosis is also sup- pert et al., 1994). It seems clear that synapsin targeting
ported by the finding that a-latrotoxin triggers exo- to synaptic vesicles should involve a specific protein,
cytosis but not synapsin dissociation, leading to the but the nature of this protein and its mechanism of action
incorporation of synapsin into the presynaptic plasma remain unknown.
membrane (Torri-Tarelli et al., 1990). Third, the regulated
dissociation of synapsins provides a rationale for the Experimental Procedures
fact that synapsins are associated with synaptic vesicles
Plasmid Constructionsas peripheral membrane proteins and not as intrinsic
The following bacterial synapsin expression vectors were used inmembrane proteins. Our results also suggest an expla-
this study (all from rat; residue numbers and synapsin isoform innation for the puzzling finding that in some studies, a
brackets): pGEX-KGrSynI-A (2±30; synapsin I), pGEX-KGrSynI-ABpool of synaptic vesicles was found to lack synapsins (2±111; synapsin I), pGEX-KGrSynI-ABC (2±420; synapsin I), pGEX-
(Pieribone et al., 1995), while in other studies all synaptic KGrSynI-C (110±420; synapsin I), pGEX-KGrSynII-A (1±30; synapsin
vesicles contained synapsins (Navone et al., 1984; Torri- II), pGEX-KGrSynII-AB (1±111; synapsin II), pGEX-KGrSynII-ABC
(1±421; synapsin II), pGEX-KGrSynII-B (31±111; synapsin II), pGEX-Tarelli et al., 1990). This difference may have been
KGrSynII-C (113±421; synapsin II), pGEX-KGrSynIII-A (1±29; synap-caused by differences in the way the preparations were
sin III), pGEX-KGrSynIII-AB (1±91; synapsin III), pGEX-KGrSynIII-handled prior to the immunocytochemistry experiments.
ABC (1±399; synapsin IIIa), pGEX-KGrSynIII-C (89±399; synapsinFourth, the discovery that synapsin binding to synaptic
IIIa), pGEX-KGrSynII-AB/S10D and pGEX-KGrSynII-AB/S10A (1±111;
vesicles is dependent on the A domain suggests that this synapsin II, with S10A and S10D amino acid substitutions in residue
domain, the only highly conserved domain of synapsins 10), and pGEX-KGrSynIIa459±535 (459±535; synapsin IIa). Con-
besides the large central C domain (Figure 1A), attaches structs were obtained by PCR or restriction enzyme subcloning
using standard procedures (Sambrook et al., 1989). Control GSTsynapsins to synaptic vesicles. A picture emerges
expression vectors were described previously (Davletov and SuÈ d-whereby the attachment of synapsins by the short
hof, 1993; McMahon et al., 1995). All recombinant proteins wereN-terminal A domain places their large C domains (which
expressed in BL21(DE3) cells and were purified by standard tech-are presumably enzymatically active) onto the vesicle niques, analyzed by SDS±PAGE and Coomassie blue staining, and
membrane, followed by the shorter variable domains, quantified with known amounts of bovine serum albumin.
which may impart specialized regulatory properties onto
individual synapsins. Finally, the A domain of synapsins Liposome-Binding Experiments
is interesting in its own right. What is fascinating here These experiments were performed essentially as described (Dav-
letov and SuÈ dhof, 1993). Phospholipids (PC, PS, phosphatidylinosi-is that a short 29 residue sequence not only mediates
tol [PI], phosphatidylinositolphosphate [PIP], and PIP2 [all fromthe interaction of synapsins with phospholipids but also
Avanti Lipids] and 3H-PC [1,2-dipalmitoyl, L-3-phosphatidyl[N-serves as a regulatory target in this interaction. The tight
methyl-3H]choline [Amersham], used as a radioactive tracer) wereregulation of the A domain by phosphorylation at a single dissolved in chloroform, mixed in the indicated proportions (stan-
site is intriguing. There are currently no other similar dard except where shown differently: 24 mol% PS, 76 mol% PC),
examples of a short phospholipid-binding domain regu- dried under a stream of N2, resuspended in 10 ml of buffer A (50
lated by phosphorylation, suggesting that this is a novel mM HEPES-NaOH [pH 7.2], 0.1 M NaCl) by shaking for 1 min, and
sonicated for 30 s with a probe sonicator. Liposomes were centri-and very economical mechanism that requires a minimal
fuged (10,000 3 g for 10 min) before use to remove aggregates.sequence and phosphorylation at a single site to trigger
Standard liposome-binding assays contained 25 mg recombinantthe translocation of a large protein. The only similar
protein bound to 10 ml (wet volume) glutathione agarose beads.
phospholipid-binding activity that has been reported is Beads were prewashed with buffer A, containing 2.0 mM EGTA 6
the PKC-dependent binding of myristoylated alanine± 2.1 mM Ca21, and resuspended in 0.1 ml of the same buffer with
rich C kinase substrate (MARCKS) to PS (Nakaoka et 3H-labeled liposomes. Samples were incubated at room temperature
al., 1995). However, the phospholipid-binding region of for 10 min with vigorous shaking. Beads were pelleted by centrifuga-
tion (735 3 g for 5 min) and washed three times with 1 ml of theirMARCKS is larger, contains multiple phosphorylation
respective incubation buffers, and bound liposomes were quantifiedsites, and is probably not involved in mediating a revers-
by scintillation counting. All experiments were performed multipleible association of MARCKS with membranes. This sug-
times in triplicate. To assess the effect of phosphorylation on phos-
gests that its mechanism of action is different from that pholipid binding, beads containing GST alone, GST-SynII-AB, GST-
of the A domain of synapsins. SynII-AB/S10D, or GST-SynII-AB/S10A (0.4 mg) were incubated in 0.12
Our study reveals an unexpectedly dynamic state of M NaCl, 16 mM Tris-Cl, 50 mM HEPES-NaOH (pH.7.4), 10 mM MgCl2,
1 mM EGTA, 0.1 mM b-mercaptoethanol, 0.1% Triton X-100, andsynapsins in nerve terminals: any changes in PKA or
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40 nM of the catalytic subunit of PKA (Sigma) with or without 50 each treatment condition and each antibody. The signals were used
to calculate the percentage of soluble synapsins, percentage ofmM ATP at 308C for the indicated times. Beads were washed three
times with buffer A, and liposome binding was measured as de- soluble phospho-synapsins, and relative phosphorylation (as the
total phospho-synapsin signal for a given treatment condition cor-scribed above.
rected for the amount of synapsin detected with the pan-synapsin
antibody and normalized to the amount of phospho-synapsin foundAntibodies
in control conditions). All experiments were independently repeatedPolyclonal phospho-specific synapsin antibodies (U342 and U343)
at least three times, with similar results.were raised against the peptide CYLRRRL[phospho-S]DSNF cou-
pled to keyhole limpet hemocyanin via the N-terminal cysteine resi-
Transgene Constructiondue. Polyclonal synapsin IIa specific±antibodies (U2142) were raised
pCMV-synapsin IIa expression vectors in pCMV5 containing wild-against GST±synapsin IIa(459±535). All other antibodies, including
type (S10S) or mutant (S10A) rat synapsin IIa were generated bythe pan-synapsin antibodies that react with all synapsins, were de-
site-specific mutagenesis. Transgenic expression vectors pNSE-scribed previously (McMahon et al., 1995; Rosahl et al., 1995). To
EX4M-rSynapsin-IIa/S10S and pNSE-EX4M-rSynapsin-IIa/S10A weretest the specificity of the phospho-synapsin antibodies, COS cells
constructed by inserting the 2 kb cDNA fragments from the pCMVtransfected with full-length synapsin Ia, IIa, and IIIa expression vec-
vectors into the the pNSE EX4 vector, which contains a 4 kb NSEtors or mouse brains were homogenized in 10 mM HEPES-NaOH
promoter sequence and the SV40 polyadenylation sequence (Race(pH 7.4) and 1 mM phenylmethylsulfonyl fluoride (10 ml per brain).
et al., 1995). The 7 kb transgenic vector inserts were cut out withDithiothreitol (DTT) (0.5 mM) and 1 mM EGTA were added, and the
ClaI and NotI, purified, and injected into fertilized oocytes fromhomogenates were treated with 5 units of potato acid phosphatase
synapsin double knockout mice lacking synapsins I and II (Rosahl(Calbiochem) for 20 min at 308C to uniformly dephosphorylate pro-
et al., 1995). Two transgenic lines for each construct (L62±1 andteins. Alternatively, the homogenates were incubated in 40 mM
L86±1 for synapsin IIaS10S, L78±4 and L78±5 for synapsin IIaS10A)PIPES-NaOH (pH 6.0), 1 mM DTT, 6 mM MgCl2, 20 mg/ml aprotinin,
were analyzed in the current study.and 20 mM leupeptin with or without 1 mM okadaic acid and 0.1 mM
ATP for 5 min at 378C, followed by a further 10 min incubation at
308C with or without 40 mM PKA, to promote phosphorylation. After Subcellular Fractionations
incubations, samples were analyzed by immunoblotting and en- Subcellular fractionations of mouse brains were performed essen-
hanced chemiluminescence with phospho-specific synapsins and tially as described (Johnston et al., 1989) and were analyzed by
control antibodies (Figures 2 and 3). Control experiments showed immunoblotting with antibodies to various synaptic proteins.
that the phospho-synapsin antibody immunoreactivity was absent
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